The cardiovascular benefits of menopausal hormone therapy (MHT) remain controversial. The earlier clinical observations that cardiovascular disease (CVD) was less common in MHT users compared to non-users suggested cardiovascular benefits of MHT. Also, experimental studies have identified estrogen receptors ERα, ERβ and GPR30, which mediate genomic or non-genomic effects in vascular endothelium, smooth muscle, and extracellular matrix (ECM). However, data from randomized clinical trials (RCTs), most notably the Women's Health Initiative (WHI) study, have challenged the cardiovascular benefits and highlighted adverse cardiovascular events with MHT. The discrepancies have been attributed to the design of RCTs, the subjects' advanced age and preexisting CVD, and the form of estrogen used. The discrepancies may also stem from age-related changes in vascular ER amount, distribution, integrity, and post-receptor signaling pathways as well as structural changes in the vasculature. Age-related changes in other sex hormones such as testosterone may also alter the hormonal environment and influence the cardiovascular effects of estrogen. Investigating the chemical properties, structure-activity relationship and pharmacology of natural and synthetic estrogens should improve the effectiveness of conventional MHT. Further characterization of phytoestrogens, selective estrogen-receptor modulators (SERMs), and specific ER agonists may provide substitutes to conventional MHT. Conditions with excess or low estrogen levels such as polycystic ovary syndrome (PCOS) and Turner syndrome may provide insight into the development and regulation of ER and the mechanisms of aberrant estrogen-ER interactions. The lessons learned from previous RCTs have led to more directed studies such as the Kronos Early Estrogen Prevention Study (KEEPS). Careful design of experimental models and RCTs, coupled with the development of specific ER modulators, hold the promise of improving the actions of estrogen in the aging blood vessels and thereby enhancing the efficacy and safety of MHT in postmenopausal CVD.
INTRODUCTION
Estrogen is the predominant sex hormone in women, affecting the development and function of the female reproductive system, including the endometrium, uterus and mammary glands. Estrogen is commonly used as a contraceptive, and is a major component of menopausal hormone therapy (MHT). Premarin, a conjugared equine estrogen (CEE) composed of estrone Estrogens are transformed into less active metabolites that are excreted in urine and feces. Estrogen metabolism includes oxidation (hydroxylation) by cytochrome P450s (CYPs), glucuronidation by UDP-glucuronosyltransferase, sulfation by sulfotransferase, and Omethylation by catechol O-methyltransferase (COMT). Estrogen metabolism occurs mainly in the liver, where most CYPs are expressed. First, estrogens undergo hydroxylation by CYPs to many hydroxylated metabolites [18] . In the liver, ~80% of E2 is biotransformed into 2-(OH) E2 and 20% into 4-(OH)E2, which are then inactivated by COMT. Smaller amounts of E2 may be converted by CYP-or peroxidase-catalyzed reactions to semiquinones or quinones that form DNA adducts capable of removing purines from DNA or generating (via redox cycling) reactive oxygen species that oxidize DNA bases and lead to misrepair of important genes [18] . E2 metabolism varies depending on the stage of menstrual cycle, menopausal status, ethnic background and genetic polymorphisms [21] . Also, drugs and environmental factors such as cigarette smoke may induce or inhibit the enzymes that metabolize estrogens, and thus alter their clearance [16, 18] . Changes in E2 metabolism with aging may also alter the effects of administered estrogen on the ERs in vasculature (Fig. 1 ).
Conjugated and semi-synthetic Estrogens-The natural animal-derived and semisynthetic estrogens used in MHT have evolved since the debut of Premarin in the 1940s. While conjugated equine estrogens (CEE) are a common MHT regimen, other estrogens are available for oral, transdermal, parenteral or topical administration (Table 1 ). Ideally, MHT should be used at the lowest dose and shortest duration that achieve the therapeutic goal. The bioavailability of oral estrogen is usually low due to first-pass metabolism. Chemical alterations in natural estrogens produce semisynthetic estrogens and may increase their oral effectiveness. For example, ethinyl substitution at C17 position produces ethinyl E2 and minimizes the first-pass hepatic metabolism. Synthetic estrogens also include diethylstilbestrol chlorotrianisene, dienestrol, fosfestrol, mestranol, polyestradiol phosphate and quinestrol. Also, the transdermal route bypasses the liver and portal circulation, and minimizes hepatic effects of estrogens on protein synthesis, lipoprotein profiles, and triglyceride levels. Transdermal estrogen may also be safer than oral estrogen with respect to thrombotic risk and gynecologic cancers [22] . The type of estrogen administered (CEE vs E2) and the route of administration (oral vs transdermal) may partly explain the unanticipated results of HERS and WHI RCTs.
Phytoestrogens-The realization that CEE may not be as safe as previously thought has increased the interest in phytoestrogens (Fig. 3) . Phytoestrogens are polyphenolic non-steroidal compounds synthesized by plants and posses estrogenic activity. Phytoestrogens are found in a variety of foods and plants particularly soybeans, red clover, and wheat grains [23] . Interestingly, food containing phytoestrogens is consumed in significant quantities in cultures with lower rate of menopausal symptoms, osteoporosis, cancer and CVD [24] . While the classification of phytoestrogens has not been consistent in the literature, based on their chemical structure the major phytoestogens are classified into flavonoids, stillbenoids, and lignans (Fig.  3) . The flavonoids are further divided into major flavonoids (flavones, flavonols and flavanones), and isoflavonoids (isoflavones and coumestanes) [25] . Stillbenoids include stillbenes such as resveratrol, which is found in red wine and peanuts, but only its trans form has estrogenic activity [23] . Plant lignans include secoisolariciresinol and matairesinol, which are not estrogenic by themselves. Secoisolariciresino is converted to enterodiol and subsequently to enterolactone by intestinal microflora. Matairesinol is converted directly to enterolactone. Enterodiol and enterolactone, also called enterolignans, are phytoestrogens with structural similarity to endogenous estrogens. Dietary sources of plant lignans include flaxseed, whole grain bread, vegetables, and tea [23] . Resorcyclic acid lactone compounds such as zearalenone, α-zearalenol and their derivatives also have estrogenic effects. They are not found in food plants but are secondary mold metabolites of fungal species, and therefore considered mycoestrogens [26] , although some studies classify them as phytoestrogens [27] .
The key structural elements crucial for the phytoestrogenic effects include the phenolic ring (s), low molecular weight, and optimal hydroxylation patterns. Although phytoestrogens could produce appreciable estrogenic effects, their efficacy at relevant doses has not been established in RCTs. Soybean foods, soybean protein extract and red-clover extract have limited effects on menopausal symptoms. On the other hand, soybean isoflavone extracts reduce hot flashes, suggesting that the benefits are subtle and not in all individuals, thus highlighting the need of adequately-powered RCTs that can definitively establish the benefits [28] . Also, while the affinity of phytoestrogens to ERs is relatively weaker than E2, their stability and therefore longer duration in the body raises concerns of potential toxicity in human.
Studies have examined the effects of dietary phytoestrogens on vasculature. Isoflavones stimulate the activity of endothelial NO synthase and induce vasodilation via NO. Isoflavones are also antithrombotic and antiatherogenic. A meta-analysis of 38 controlled human studies of soy consumption suggested positive effect on lipid profiles, including reduction in levels of LDL and triglycerides and increases in HDL [29] . On the other hand, a 12-month double-blind RCT in 202 Post-MW aged 60 to 75 years compared the effects of soy protein containing 99 mg of isoflavones per day with placebo, and found no effect on blood pressure and EC function. Also, no RCTs have examined the effects of phytoestrogens on clinical end points of CVD such as myocardial infarction. Therefore, phytoestrogens may not be recommended as a primary preventive intervention to reduce the risk of CVD. However, women may be advised that phytoestrogens used for treatment of menopausal symptoms may have additional cardiovascular benefits by reducing risk factors of atherosclerosis such as hyperlipidemia and HTN [29] . Further analysis of structure and activity of phytoestrogens should clarify their potential effects on vascular ERs and their usefulness as alternative MHT.
Specific Estrogen Receptor Modulators (SERMs)-SERMs are non-steroidal molecules that bind with high affinity to ERs, but have distinct effects depending on the drug's structure and specific tissue [30] . SERMs include raloxifene, tamoxifen, toremifene, and idoxifene (Fig. 4) . SERMs have a wide range of activity from purely estrogenic, purely antiestrogenic, to combined partial estrogenic in some tissues and anti-estrogenic or no activity in other tissues [31] . For some SERMs, the agonist/antagonist activity and tissue selectivity may be related to the ratio of co-activator/co-repressor proteins in different cell types, and the ER conformation induced by drug binding. This in turn determines how strongly the drug/receptor complex recruits co-activators, resulting in agonsim, relative to co-repressors, resulting in antagonism. For example, raloxifene exhibits ER agonism in bone and serum lipids, but ER antagonism in endometrial and breast tissue [32, 33] .
The Raloxifene Use for The Heart (RUTH) RCT in Post-MW with CVD or at increased risk for CVD demonstrated that treatment with raloxifene for a median of 5.6 years reduced the risk of invasive breast cancer but did not change the incidence of coronary events [34] . Also, in post-MW women (mean age 67.5 years) raloxifene had no effect on the risk of primary coronary events, but was associated with increased risk of fatal stroke and venous thromboembolism [35] . However, as in the WHI study, the advanced age of the participants could have affected the estrogenic response. Ex vivo studies on rat renal and pulmonary arterial rings and porcine arterial rings have shown that raloxifene induces endothelium-independent relaxation through inhibition of Ca 2+ influx via voltage-gated channels [36, 37] . Also, in overiectomized (OVX) rats, tamoxifen demonstrated protective effects and antioxidant properties in myocardial ischemia-reperfusion injury [38] . Additionally, tamoxifen causes rapid relaxation in isolated rabbit and porcine coronary artery [39, 40] . Although currently available SERMs show limited vascular benefits, as new SERMs are developed and more studies are done on existing SERMs, they may be used in MHT to decrease the risk of CVD in Post-MW.
Selective ER Agonists and Antagonists-Significant progress has been made to develop compounds that act selectively on various ER subtypes. Selective ER agonists such as propylpyrazole triol (PPT) and diarylpropionitrile (DPN) have been developed (Fig. 4) . DPN is a potent ERβ agonist with a 30-to 70-fold selectivity over ER [41] . Members of the triarylpyrazole class such as propylpyrazole trisphenol (PPT) are 400-fold more potent on ERα than ERβ [42, 43] . PPT increases flow-mediated relaxation in small mesenteric arteries from female but not male mice [44] . Studies with selective ER agonists suggest that ERα mediates most of the vascular actions of estrogen [45] . However, DPN, a selective ERβ agonist, also induces acute NO-dependent vasodilation [46] . ER antagonists bind to the ER ligand-binding pocket, thereby occluding agonist access and inducing a conformational change in ER that prevents efficient interaction with transcriptional coactivators. Blocking ER function can also be achieved downstream of ligand binding through direct interference with ER-coactivator interactions [47] . The search for agents that block ER signaling have led to the synthesis of a series of steroidal 7-alkylamide analogues of estradiol. ICI 164, 384 , the first estrogen antagonist described, blocks the uterotrophic action of E2 or tamoxifen in rats [48] . ICI 182,780 (fulvestrant) is a more potent estrogen antagonist approved for treatment of advanced breast cancer in Post-MW [49] . Both ICI 164,384 and ICI 182,780 are classical "pure" antiestrogens (full antagonists) that completely block the activity of E2 via inhibition of both AF-1 and AF-2 action [50] . ICI 182,780 is non-selective and does not distinguish between ER subtypes. By introducing basic side chain substituents such as those found in tamoxifen, ERα selective antagonists, such as methyl-piperidino-pyrazole (MPP) have been developed [51] .
ESTROGEN RECEPTORS (ER)
Estrogenic ligands bind to ERs with high affinity and specificity. The effects of estrogens were thought to be mediated solely via nuclear ERs. Two nuclear ERs have been cloned: ERα (NR3A1) and ERβ (NR3A2) [52] . Recently, a novel 7-transmembrane G protein-coupled receptor, termed GPR30 has been identified [53] . A less-defined ER-X has been found in brain but not in vasculature [54] .
ERα and ERβ-Studies on ERα knock-out (KO), ERβ KO, and double ERα ERβ KO mice revealed that life is possible without either or both ERs, although the reproductive functions are severely impaired [55, 56] . ERα is expressed abundantly in the uterus, vagina, ovaries, mammary gland, and hypothalamus [57] . ERβ is expressed highly in the prostate and ovaries, with smaller amount in lung, brain, and bone [58] . Also, ERα and ERβ have distinct roles in the immune, skeletal, central nervous system and cardiovascular system [59, 60] . In many cell types, ERα and ERβ form either homodimers or heterodimers. ERα and ERβ have been localized in ECs and VSM [61] . The expression of vascular ERs appears to vary with gender and the vascular bed studied. For example, both ERα and ERβ mRNA are expressed in human VSM from the coronary artery, iliac artery, aorta, and saphenous vein, and the expression of ERβ is greater in females [62] . In rats, ERα is found mainly in the uterine vasculature, whereas ERβ immunoreactivity is more abundant in ECs and VSM from the aorta, tail and uterine arteries [63] .
ERα and ERβ are members of the nuclear receptor superfamily, which include the thyroid hormone, retinoic acid, and vitamin D receptors [64] . Like other members of this superfamily, one gene may result in the expression of multiple receptor proteins and diverse responses [65] . The mechanisms of this diversity include epigenetic changes and methylation of the genes encoding these receptors, alternative RNA splicing leading to multiple mRNA isoforms of each receptor, and multiple sites for initiation of translation of receptor mRNA [66] .
The two nuclear ER genes are located on separate chromosomes: ESR1 is located on chromosome 6q(25.1) and encodes ERα, while ESR2 is located on chromosome 14q(23-24.1) and encodes ERβ [15] . ESR1 and ESR2 comprise 8 exons separated by seven intronic regions and span more than 140 kilobases and approximately 40 kilobases, respectively [67] . The wildtype full-length human ERα mRNA encodes 595 amino acids, while the wild-type full-length human ERβ mRNA encodes 530 amino acids [57] .
Human ERα and ERβ have 44% homology in overall amino acid sequence and share the domain structure common to members of the nuclear superfamily: A/B, C, D, E and F domains (Fig.  5 ) [52] . The A/B region is involved in protein-protein interactions and transcriptional activation of target-gene expression. This region harbors an activation function 1 (AF-1), located toward the N-terminal end, that is ligand-independent and shows promoter and cell-specific activity [68] . Human ERα and ERβ share <20% amino acid identity in the AF-1 region, suggesting that it may contribute to ER-specific actions on target genes. AF-1 in ERα is very active on a variety of estrogen-sensitive promoters, but under identical conditions, the activity of AF-1 in ERβ is minimal [52] . The central C-domain represents the DNA-binding domain (DBD), which contains 4 cysteines arranged in 2 zinc fingers, and is involved in specific DNA binding and receptor dimerization. It is highly conserved between ERα and ERβ and shares 95% amino acid identity, suggesting that both ERs recognize similar DNA sequences and hence regulate many of the same target genes [68] . The D-domain, or hinge domain, is not well-conserved between ERα and ERβ (30%), and works as a flexible hinge between the DBD and ligandbinding domain (LBD). D domain also functions in promoting the association of ER with heat shock protein 90 (HSP90) and nuclear localization of ER [52] . The E-domain is the LBD, and ERα and ERβ share ~55% amino acid identity in this region. The LBD contains a liganddependent AF-2, and is important for ligand binding and receptor dimerization. The F-domain has <20% amino acid homology between the two ERs, and the function of this domain is unclear. The two ERs have similar affinities for E2 and bind the same DNA response elements [52, 57] . Full transcriptional activation by ERs is mediated by synergism between AF-1 and AF-2 [2, 52] . AF-1 and AF-2 are also required for ligand-independent receptor functions, including growth factor activation by AF-1 and cAMP activation by AF-2 [47] .
Polymorphisms in ER genes may account for differences in ER function and may modify the outcome of MHT. Two common polymorphisms of ERα at positions c.454-397 T>C (PvuII) and c.454-351 A>G (XbaI) may be associated with the severity of CAD in Post-MW undergoing angiography for suspected CAD [69] . Post-MW with the ERα IVS1-397 polymorphism C/C genotype (recessive) have more prominent increases in HDL and apolipoprotein A-1 levels compared to those with the dominant phenotype, as well as a greater forearm blood flow, brachial artery diameter, and endothelium-dependent dilation [70] . In Post-MW with established CAD and being treated with estrogen alone or estrogen +progesterone, a 2 times greater increase in HDL levels was seen in women with the ERα IVSI-401 polymorphism C/C genotype as compared to those without the polymorphism [71] .
Several splice variants or isoforms of ER subtypes have been described. Most ERα variants differ in their 5'-untranslated region, not in the coding sequence. ERα isoforms have not been identified in tissues, but their biological function and role in mediating the effects of estrogen in vivo are unclear. However, they are important research tools as they heterodimerize with the full-length ERα and repress AF-1-mediated activity. They may also localize in plasma membrane and thereby help to elucidate the mechanisms of rapid non-genomic estrogen signaling [72] . Multiple ERβ isoforms exist as a result of either alternative splicing of the last coding exon 8, deletion of one or more coding exons, or alternative usage of untranslated exons in the 5' region [73] . Among them, 5 full-length transcripts ERβ1-5 have been reported in human [60] . Whether ER isoforms are distributed differently in vasculature and whether they change with aging is an important area for further investigation.
A major mechanism for downregulation of gene expression is methylation of the CpG island, a cytosine and guanine rich area in the promoter region of the gene, resulting in an epigenetic change and permanent inactivation of gene transcription without associated genetic abnormality [74, 75] . ERβ expression is regulated through methylation of CpG islands in the ERβ promoter. An increase in promoter methylation may be a possible epigenetic mechanism contributing to age-related diseases. Methylation of ER genes and several others may be associated with physiologic aging of human colonic mucosa. Also, ERβ promoter methylation may represent an epigenetic change in atherosclerosis and vascular aging [75] . Methylation of ER genes also increases with passage of cultured ECs and VSM and may be implicated in the decreased ER responsiveness and vascular genomic effects of estrogen with aging [75, 76] .
Although estrogen levels and release patterns change with aging, little is known about the corresponding changes in ERs. Studies have shown no significant changes in ER expression in aorta of aging compared with adult OVX spontaneously hypertensive rats (SHR) [77] . However, gender and age-related differences in ER mRNA expression have been demonstrated in other tissues from human and experimental animals. ERα protein was detected in the retina and retinal pigment epithelium of young female eyes, but not in eye tissues dissected from men and Post-MW [78] . Studies have demonstrated a decrease in ERβ mRNA positive cells in specific regions of the brain of old compared with young and middle-aged female rats, and this expression is not altered by estrogen replacement [79] . Aging may also affect the subcellular distribution of ERα in cholinergic neurons of transgenic and wild-type mice, and is associated with translocation of ERα from the nucleus to cytoplasm [80] .
Estrogenic Structure Activity Relationship (SAR)-Compounds with similar estrogenic activity appear to share common structural features. Studies have examined a large database from the National Center for Toxicological Research (NCTR) on the ER relative binding affinity of 230 chemicals, of which 130 were active [27] . These SAR studies revealed 5 structural features that are important for binding to ER; the more key features a chemical contains, the more active it is (Fig. 6 ). These 5 structural features are present in E2 and include: 1) H-bonding ability of a phenolic ring, mimicking the C3-OH group of the A ring of E2, 2) H-bond donor mimicking the C17β-OH, and a certain O-O distance equivalent to that between C3-OH and C17β-OH, 3) hydrophobicity, 4) precise steric hydrophobic centers mimicking steric C7α and C11β substituents, and 5) a ring structure [81] .
The 3D structures of ERα and ERβ LBD are very similar and reflect their high sequence identity. The LBD has twelve helices (H1-H12), folded into a three-layered anti-parallel α-helical sandwich comprising a central core layer of three α-helices (H5-6, H9, and H10) sandwiched between two additional layers of α-helices (H1-4) and (H7, H8, and H11). This helical arrangement creates a 'wedge-shaped' molecular scaffold that maintains a sizeable ligand-binding cavity at the narrower end of the domain, into which the hormone binds. The cavity is formed by residues from H3, H6, the loop region between H7 and H8, H8, H11, and H12; and is completely buried within the core of the LBD and flanked by a small two-stranded anti-parallel β-sheet (S1 and S2) and the C-terminal helix (H12) [57, 82] . All the ligands bind across the cavity between H3 and H11. The ligand binding sites of ERα and ERβ are nearly identical; only two residues are different: Leu384/Met421 in ERα correspond to Met336/Ile373 in ERβ. Also, the ligand binding cavity of ERβ is smaller (<20%) than that of ERα and this may have implications for the selective affinity and pharmacology of ligands and ERs [52, 57, 83] .
The binding of E2 with ER typically involves non-covalent H-bonding and hydrophobic interactions. In terms of H-bonding, the contribution of the phenolic ring to binding is more important than any other structural feature. 108 of the 130 active chemicals in the NCTR data contain a phenolic ring. Also, of the 130 active chemicals, 125 chemicals contain an O atom and 3 chemicals contain a Cl atom that serves as a weak H-bond acceptor. The phenolic -OH is a better H-bond donor than an acceptor [27] . Replacing -OH with the weak H-bond donor -NH2 reduces the activity of E2 [84] . Strong estrogens have an additional OH group within a certain distance from the phenolic ring. The H-bonding residues at the A-ring binding region in the proximal end of LBD (Glu353 on helix H3, Arg394 on H6, and a structurally conserved buried water molecule in ERα) and at the D-ring binding region in the distal end (His524 on H11) form a polar pocket between H3, H6, and H11 (Fig. 6 ). Access to this polar pocket is somewhat restricted by a 'pincer-like' arrangement of the side chains of Ala350 on H3, Leu387 on H6, and Phe404 on S1 in ERα. The planar moieties of ER ligands, such as the A-ring of E2, bind at this part of the cavity [50] . Mutational studies also indicated that Cys residues Cys381, 417, 447 and 530 in ERα LBD, and Cys334, 369, 399, and 481 in ERβ LBD play a role in ligand binding. In particular, Cys530 builds up the primary site for E2 binding, whereas Cys381 and Cys417 are involved in the recognition of non-steroidal anti-estrogens [57, 85] . Interestingly, E2 binds 'upside-down' to ERβ compared to ERα, as observed in the crystal structure of the ERβ-ICI 164,384 complex [50, 57] . A secondary E2 binding site runs from the A-ring -OH and the buried water bond to the exterior of the LBD between H3, H5 and H6 [86, 87] . Ligands might exhibit preference for one or the other binding site; however, there seems to be no obvious function for the secondary E2 binding site [86, 87] With regard to hydrophobicity in the ER-E2 complex, H12 sits snugly over the ligand binding cavity packed against H3, H5-6 and H11. Although H12 makes no direct contact with E2, it forms the lid of the binding cavity and projects its inner hydrophobic surface towards the bound hormone. While the overall conformation of the ER LBD is markedly similar in various ligand complexes, the orientation of the C-terminal transactivation H12 is highly sensitive to the nature of ligand. H12 affects the LBD surface and contains a sequence critical to the AF-2 transcription activating function where most of the co-activators/co-repressors bind in a liganddependent manner. For example, partial-agonists such as genistein and raloxifene, and antagonists such as ICI 164,384, bind across the ligand-binding cavity in a similar manner to the natural and synthetic agonists E2 and diethylstilbesterol, respectively. However, their large side chain substituents are not accommodated within the confines of the binding cavity, resulting in non-allosteric displacement of H12 and prevention of its alignment over the cavity. Also, in ERβ-genistein, ERα-4-hydroxytamoxifen, and ERα-raloxifene complexes, H12 lies in a groove formed by H3, H4, and H5. As a whole, the partial agonist and antagonist capabilities are mainly dependent on their ability to prevent the formation of a transcriptionally competent AF-2 conformation, thus favoring or impairing the recruitment of co-activators [50, 57] .
The positive effect of hydrophobicity on binding is more apparent for chemicals containing C3α and C17β -OH, compared to those with only a C3 -OH. Hydrophobicity is quantitatively expressed as the ratio of solubility in octanol vs water, or log P (Partition Coefficient). Interestingly, the mean log P value of chemicals with one OH group is larger than that of chemicals containing two OH groups mimicking the C3α and C17 -OH of E2. This indicates that chemicals lacking the effective O-O distance require greater hydrophobicity to reach binding activities similar to those of chemicals with the C3α and C17 groups [27] .
In terms of precise steric hydrophobic centers mimicking steric C7α and C11β substituents, the volume of the ER binding pocket is about twice that of the E2 molecule [88] . Therefore, there are large unoccupied cavities opposite the C7α and C11β positions of E2. These cavities allow steric groups of certain sizes to fit, and are important for estrogenic compounds including diethylstilbesterol and other chemicals such as biphenyls. While the rigid protein architecture around the A-ring pocket imposes an absolute requirement for effective ER ligands to contain a planar ring group, the remainder of the binding cavity is quite accommodating. Particularly, the distal end or D-ring binding site of the cavity is quite flexible and permits a variety of ligand-binding modalities. The discrepancy between the volume of the ER binding cavity and the size of its cognate ligand suggests that the LBD have evolved sufficiently so that it can discriminate between E2 and other endogenous steroids whilst retaining some remnants of its ancestral character. In addition, the sub-optimal architecture in certain regions of the LBD suggests that unknown endogenous ER modulators remain to be identified [50, 88] .
A ring structure in ER ligands increases the rigidity of both the structure and the steric center, which favors ER binding. The flat aromatic ring, which fits better to the narrow "tunnel-like" arrangement in ER for the phenolic A ring, is more favorable than other ring structures. Only 5 chemicals without aromatic rings were found to be active, of which four are steroids in addition to kepone. These 5 chemicals possess H-bond capability with a rigid hydrophobic backbone that matches the A, B and C rings of E2, suggesting that non-aromatic estrogens require several key structures to exhibit ER binding activity, including a strong electronegative atom such as O for H-bonding and a rigid hydrophobic backbone [27] .
The binding affinity of other estrogenic compounds and metabolites to ERs has been studied. Tamoxifen has almost identical binding affinities for human ERα and ERβ, although its binding affinity is only 3-4% of those of E2 and 7-10% of ICI-182,780. Raloxifene has a similar binding affinity for ERβ as tamoxifen, 16-fold higher binding affinity for ERα than tamoxifen, and comparable binding affinity as ICI-182,780. Therefore, raloxifene has a preferential binding affinity for human ERα over ERβ. The phytoestrogen genistein has high affinity for ERβ, almost identical to that of E2, although its affinity for ERα is only 6% of that. Coumestrol has very high binding affinity for human ERα and slightly higher affinity for ERβ. Daidzein has very weak binding affinity for both ERα and ERβ, but its relative affinity for ERβ is higher than that for ERα. Metabolites such as C-3 sulfated estrogens (E1-3-sulfate and E2-3-sulfate) have little affinity for ERα and ERβ, while 16α-OH-E1 has a higher affinity than E1 [15] . Further elucidation of the estrogen-ER interactions should permit the rational design of drugs with selective estrogenic activity particularly in aging women.
GPR30-GPR30 is a structurally unrelated protein to ERα or ERβ that binds E2 with high affinity, and may mediate some of its non-genomic effects [89] . The existence of this receptor was suggested because of evidence of G-protein mediated signaling by estrogen and localization of estrogen binding sites to membranes [90] . GPR30 was cloned in 1998 and is located on chromosome 7p22 [91] . GPR30 was identified as a novel E2 binding receptor by two groups, independently [89, 92] . GPR30 has an extracellular N terminal, seven transmembrane α helices, 3 exo-loops involved in ligand binding, 3 or 4 cyto-loops involved in G protein subunit binding, and a C terminal linked to the membrane through lipid addition, and also involved in binding G protein subunits. GPR30 is widely distributed in the brain and peripheral tissues and may play a functional role in vasculature [58] . GPR30 is expressed in human mammary artery and saphenous vein, and its expression decreases after exposure to E2 in mammary artery, but not in saphenous vein [93] . The cellular localization of GPR30 appears to vary depending on the cell type and the GPR30-tag used for analysis. One group reported localization of GPR30 in the endoplasmic reticulum [89] , while other groups found GPR30 to be expressed in the plasma membrane [92, 94] .
The activation of GPR30 by estrogen results in intracellular Ca 2+ mobilization and synthesis of phosphatidylinositol 3,4,5-trisphosphate in the nucleus [92] . GPR30 may also function in conjunction with ERα, to assemble a signal complex essential for rapid estrogen signaling [95] . The ER antagonists tamoxifen and ICI 187,280 may act as GPR30 agonists [92] . Apart from the unknown physiological significance of GPR30, there is controversy regarding its role as an ER. In contrast to previously published data [92] , some studies could not demonstrate cAMP or ERK activation in GPR30-positive, ER-negative breast cancer cells [96] . Also, in ER-positive, GPR30-positive MCF-7 cells, nongenomic E2 responses were blocked by ICI 187,280 and were dependent on ER. Silencing of GPR30 function in these cells had no effect on E2-induced cAMP elevation and ERK activation [97] . Thus, although GPR30 has been found in the vasculature, its functional role needs further investigation. It is also important to note that a decrease in the vascular effects of estrogen with aging could be related to downregulation of not only vascular ERs, but also postreceptor signaling mechanisms.
ER POST-RECEPTOR SIGNALING PATHWAYS
Estrogen has multiple vascular effects including alteration of serum lipid concentrations, coagulation and fibrinolysis, antioxidant properties, and the production of vasoactive molecules, such as NO and prostaglandins. Estrogen also causes vasodilation and inhibits the blood vessel response to injury and the development of atherosclerosis [61] . These biological processes are regulated via both genomic and non-genomic pathways [58] .
Genomic Effects of Estrogen-Estrogen via ERs regulates transcriptional processes that involve nuclear translocation, binding to specific estrogen response elements (ERE) and regulation of target gene expression [98] . Estrogen affects genes regulating vascular tone, as well as the response to vascular injury and atherosclerosis. Estrogen increases the expression of genes for vasodilatory enzymes such as NOS and prostacyclin synthase. In the absence of estrogen, ER exists as an inactivated monomer bound with HSP90. Upon binding to estrogen ER undergoes conformational changes that result in dissociation of HSP90 and formation of a homo-or heterodimer with high affinity for estrogen and DNA [99] . Ligand-bound ER can bind directly to ERE in the promoters of target genes or interact with other transcription factor complexes like Fos/Jun (AP-1-responsive elements) or SP-1 (GC-rich SP-1 motifs) and influence transcription of genes whose promoters do not harbor ERE [100, 101] . ER can also affect the transcription of genes through preventing the recruitment of other transcription factors [99] . Many of the estrogen-regulated genes also encode transcription factors [102] . Ligand-dependent activation triggers recruitment of a variety of coregulators to ER in a complex that alters chromatin structure and facilitates recruitment of the RNA polymerase II transcriptional machinery. Ligand-independent pathways may also activate ERs [60] . Growth factor signaling leads to activation of kinases that may phosphorylate and activate ERs or associated coregulators in the absence of ligand [103] . The growth factor activated kinase pathway may contribute to hormone-independent growth in some tumors [104] .
Studies on the aorta of wild-type and ER KO mice have suggested that ERα primarily mediates estrogen-induced gene expression, while ERβ may mediate a decrease in gene expression. While most plasma membrane ERα and ERβ form homodimers in the presence of E2, a small portion of the ER pool forms ERα/ERβ heterodimers [105] .
Nongenomic effects of Estrogen-Non-genomic effects are rapid responses that occur too quickly to be mediated by gene transcription, are independent of protein synthesis, and typically involve modulation of membrane bound and cytoplasmic regulatory proteins [98] . Rapid vasodilation occurs within seconds or minutes of adding E2, and involves activation of kinases and phosphatases and changes in ion fluxes across membranes [95, 98] . Whether the nongenomic effects involve the nuclear ERs or distinct membrane associated receptors is unclear [58, 60] . In several cell types, ERs associate with caveolae and other signaling molecules to trigger G protein-coupled receptor-mediated second messengers and intracellular pathways including MAPK and PI 3 K/Akt, and activation of ion channel fluxes [95, 106] .
Much of the current investigation of a distinct membrane receptor has focused on GPR30, although this association remains unclear [58] . GPR30 is thought to promote rapid estrogen actions [89, 107] . Estrogen binding to GPR30 results in the dissociation of Gα-GTPase from the heterotrimeric G αβγ complex. Dissociated G βγ -subunit activates membrane associated matrix metalloproteinases (MMPs) with subsequent transactivation of epidermal growth factor receptor (EGFR) through the cleavage and release of pro-heparan-bound epidermal growth factor (ProHB-EGF) from the cell surface and transient activation of MAPK [108, 109] . This is supported by reports that E2 induces the phosphorylation of p38 and p42/44 MAPK (ERK-1/2) as well as proliferation and migration of porcine aortic endothelial cells [110] . Gα-GTPase acts on membrane-associated adenylyl cyclase, generating the second messenger cAMP which in turn inhibits ERK-1/2 activity via a cAMP-dependent protein kinase mechanism [111] .
Estrogen and the Endothelium
Estrogen affects vascular reactivity through direct effects on endothelial cells (ECs) [112] . Vascular ECs are involved in regulation of many processes including vascular tone and angiogenesis, and EC dysfunction can lead to CVD including HTN, CAD, stroke, and atherosclerosis [113] 
function in human, experimental animals and cultured cells [61] .
Endothelium-dependent vascular relaxation is greater in female than male in SHR [114] . Selective ERα agonists also improve EC dysfunction in blood vessels of OVX female SHR [115] . Also, E2-induced vascular relaxation and NO production are greater in mice expressing only functional ERα [116, 117] . E2 administration in OVX female mice in vivo causes rapid non-genomic arterial dilation of elastic and muscular arteries, as a result of ER-mediated NO production. Rapid activation of both MAPK/ERK and PI 3 K activity was found in the E2-exposed arteries, and inhibiting either kinase prevented E2-induced vasodilatation. The kinase activation and vasodilator responses to E2 were absent in both ERα and ERβ knockout mice. These results indicate that E2 modulation of arterial tone through plasma membrane ER and rapid signaling could underlie many of the observed actions of estrogen in vivo [118] . In support of these findings, studies on small arteries isolated from healthy Post-MW not receiving MHT have shown that the morphology and function of the endothelium are impaired, and these impairments are improved upon treating the isolated vessels with E2 [113] . Also, E2 induces the phosphorylation and activation of MAPK, and proliferation of ECs via cytosolic and nuclear ERs [119] . The mechanisms of estrogen-induced endothelium-dependent vasodilation include modifications of the synthesis, release and bioactivity of relaxing factors such as NO, PGI 2 and endothelium-derived hyperpolarizing factor (EDHF), as well as contracting factors such as endothelin-1 (ET-1) and thromboxane A2 (TXA2) [120] .
Estrogen and Endothelium-Derived Vasodilators
Estrogen and NO-NO is a powerful vasodilator produced from the transformation of Larginine to L-citrulline by NO synthase (NOS) [121] . E2-mediated vasodilation has been attributed to increased eNOS transcription via genomic pathways as well as increased eNOS activity and NO production via non-genomic EC activation [122] . Increased eNOS expression has been demonstrated in the uterine vasculature during E2 treatment in the follicular phase and during pregnancy, suggesting that endothelial-derived NO is involved in the vasorelaxant actions of E2 [121] . Also, endothelial NO release is greater in arteries of females compared with males, and estrogen may mediate the gender differences in NO production [123] .
In vitro studies have demonstrated gender differences in NO production. The inhibitory effect of the NOS inhibitor L-NAME on acetylcholine (Ach)-induced relaxation is more pronounced in mesenteric artery of female than male rats [124] . Also, in isolated basilar arteries from OVX female rabbits, E2 treatment increases the response to NO in VSM cells [125] . Other studies have examined the effects of E2, PPT (ERα agonist) and DPN (ERβ agonist) on aortic rings isolated from wild type mice with trauma-induced hemorrhage. It was found that trauma hemorrhage increased ET-1 induced vasoconstriction, and treatment with E2 and DPN counteracted the vasoconstriction, while PPT had no effect [126] . These data suggest that ERβ contributes to attenuation of ET-1 mediated vasoconstriction, particularly in trauma hemorrhages, and that specific ERs may be involved in NO production. Studies in cultured ECs have also shown that estrogen increases eNOS mRNA expression [122] .
Estrogen has antioxidant properties, decreases the expression of NADPH oxidase and the generation of superoxide and peroxynitrite, and increases NO bioavailability [127] . Estrogen deficiency decreases NO bioavailability for vascular relaxation and reduction in blood pressure. In OVX female rats, the increase in blood pressure is associated with lower plasma antioxidant levels and increased plasma lipoperoxides and vascular free radicals, and E2 replacement prevents these effects [127] . Also, measurement of vascular superoxide has shown greater amounts in blood vessels of male compared with female rats [120] .
The role of mitochondria in the effects of E2 in the cardiovascular system is increasingly recognized [58] . ER has been localized to mitochondria and E2 may decrease mitochondrial superoxide production and mitochondrial oxidative stress. Besides nuclear genes, ER may mediate effects on mitochondrial-encoded genes [58] .
Estrogen and Prostacyclin (PGI 2 )-The effects of estrogen on ECs may also involve the release of PGI 2 , a potent endogenous inhibitor of platelet aggregation and a strong vasodilator. PGI 2 is produced from free arachidonic acid by cyclooxygenase-1 (COX-1) and COX-2. Estrogen may modulate cross-talk between NOS and COX pathways where estrogen-induced NO-dependent vasodilation may be associated with a decrease in PGI 2 -dependent vascular relaxation pathway [128] .
In Post-MW, the COX-2 pathway plays a specific role in the rapid E2-induced potentiation of cholinergic vasodilation [129] . Also, in arteries from OVX female monkeys with induced atherosclerosis, the amount of PGI 2 is inversely related to plaque size, and arteries treated with E2 show increased PGI 2 production [130] . E2 stimulates urinary excretion of COX-2-derived PGI 2 metabolites in ERβ but not ERα deficient mice, supporting a role for ERα in PGI 2 production [131] . COX inhibitors such as indomethacin inhibit a significant portion of endothelium-dependent vascular relaxation, and gender differences in indomethacin-sensitive vascular relaxation have been attributed to differences in COX products [132] . Other studies have shown that indomethacin does not affect E2-induced relaxation in endothelium-intact coronary artery [133] . In OVX female rats, administration of E2 is associated with COX-2 upregulation in the uterus, but its down-regulation in the vena cava [134] . Also, In the presence of E2 COX-2 is upregulated in human uterine microvascular ECs, but not in dermal microvascular ECs [135] , suggesting that COX modulation by E2 may be tissue specific.
Studies in cultured ECs demonstrated a more positive relation between estrogen, COX and PGI 2 . E2 causes upregulation of COX-1 expression and PGI 2 synthesis in ECs [4] . E2 also causes rapid ER mediated stimulation of PGI 2 synthesis in ovine fetal pulmonary artery ECs via a Ca 2+ -dependent, but MAPK-independent pathway [136] . Interestingly, PGI 2 production by HUVECs is stimulated after exposure to serum from Post-MW treated with a mixture of phytoestrogens [137] .In cultured HUVECs treated with raloxifene, PGI 2 synthesis is increased possibly by modification of activity or expression of COX-1 and -2 [138] .
Estrogen and EDHF-In some blood vessels treated with NOS and COX inhibitors, ECs still release EDHFs that cause hyperpolarization and relaxation of VSM. Estrogen-induced vascular relaxation could involve the release of EDHF. ER stimulation increases the production of EDHF, which activates K + channels, causes hyperpolarization, and in turn inhibits Ca 2+ influx via Ca 2+ channels and leads to VSM relaxation [4] . Ach-induced hyperpolarization and relaxation of mesenteric arteries are reduced in intact male and OVX female compared with intact female rats, and the differences are eliminated by K + channel blockers. The vascular hyperpolarizing and relaxation response to Ach is improved in E2-replaced OVX female rats, confirming that estrogen-deficient states attenuate vascular relaxation by EDHF [139] . Phytoestrogens may induce vascular relaxation through production of EDHF [140] .
Estrogen and Endothelium-Derived Vasoconstrictors
Estrogen and ET-1-ECs release other vascular modulators such as ET-1. ET-1 activates endothelial ET B1 receptors, which mediate the release of relaxing factors and cause vasodilation. ET-1 also stimulates ET A and ET B2 receptors in VSM to cause vasoconstriction. ET-1 induces greater contraction in mesenteric arteries of male DOCA-salt hypertensive rats than those of females. Ovariectomy in females is associated with increased ET-1 and ET B2 receptor mRNA in mesenteric arteries, and E2 replacement reverses these changes. The ET B agonist IRL-1620 induces less vasoconstriction in mesenteric arteries of intact compared with OVX females, and E2 replacement decreases IRL-1620-induced vasoconstriction in OVX females. These data suggest that estrogen attenuates ET-1/ET B receptor expression and their vascular responses in DOCA-salt hypertensive rats [141] . E2 modulates the expression and release of ET-1 in human ECs [142] . Prolonged E2 treatment of ECs inhibits ET-1 production in response to serum, tumor necrosis factor-α, transforming growth factor β1, and AngII [143] . Also, ET-1 release is less in ECs of female than male SHR.
Other endothelium-derived vasoconstrictors include AngII and TXA2. The Angiotensin Converting Enzyme (ACE) Insertion/Deletion(I/D) polymorphism appears to be involved in EC dysfunction in Post-MW [144] . Also, basal release of TXA2 from platelets is greater in raloxifene-compared to E2-treated OVX pigs. Raloxifene treatment, compared to E2, increases the production of contractile and proaggregatory prostanoids from venous ECs and platelets, suggesting a greater thrombotic risk with SERMs compared to natural estrogen [145] .
Although no significant changes in vascular ER expression were observed in aging compared with adult OVX SHR, possible age-related reduction in the estrogen/ER binding or the post-ER signaling mechanisms of vasodilation may occur [77] . The findings in the aging OVX SHR model of postmenopausal HTN highlight the importance of timing of HRT in relation to the onset of menopause and patient's age.
Estrogen and Mechanisms of VSM Contraction
Estrogen causes relaxation of endothelium-denuded vascular strips, suggesting direct effects on VSM contraction mechanisms [4] . VSM contraction is triggered by Ca 2+ release from the sarcoplasmic reticulum and Ca 2+ entry from the extracellular space. Activation of myosin light chain (MLC) kinase, Rho-kinase and MAPK as well as inhibition of MLC phosphatase also contribute to VSM contraction. PKC activation also increases the myofilament force sensitivity to [Ca 2+ ] i and thereby maintains vascular contraction (Fig. 8) [146] . 2+ ] i -The contraction to the α-adrenergic agonist phenylephrine (Phe) is greater in aortic strips from intact male compared to female Sprague-Dawley rats. There is no difference in Phe-induced contraction between intact and castrated males, suggesting that the enhanced vascular contraction may not be related to endogenous androgens. In contrast, Phe-induced contraction is greater in OVX compared with intact female rats, suggesting a role of estrogen in the reduced vascular response in females [147] .
Estrogen and VSM [Ca
In isolated aortic strips incubated in Ca 2+ -free solution Phe or caffeine induces a transient contraction that is not different between intact and gonadectomized male and female rats, suggesting no sex differences in the Ca 2+ release mechanism. Membrane depolarization by high KCl solution stimulates Ca 2+ entry from the extracellular space through voltage-gated Ca 2+ channels. KCl-induced contraction is reduced in vascular strips from intact female compared to male rats or OVX female rats. Also, both Phe and high KCl cause stimulation of 45 Ca 2+ influx that is reduced in intact female compared to male rats, suggesting that the reduced vasoconstriction in females is likely due to an effect of estrogen on the expression/ permeability of voltage-gated Ca 2+ channels [147] .
The gender differences in vascular contraction appear to be related to direct effects of E2 on the vasculature. In endothelium-denuded porcine coronary artery strips and isolated coronary VSM cells, E2 (10 −10 to 10 −5 M) causes concentration-dependent relaxation of PGF2α-induced contraction. E2 does not affect caffeine-induced coronary contraction in Ca 2+ -free solution, suggesting that it does not affect Ca 2+ release from the intracellular stores. In contrast, E2 causes relaxation of high KCl-induced coronary artery contraction and inhibits PGF2α-and high KCl-induced Ca 2+ influx and [Ca 2+ ] i , suggesting inhibitory effects of E2 on Ca 2+ entry mechanism of coronary VSM contraction. Topical application of progesterone or testosterone also causes reduction in the maintained [Ca 2+ ] i , but E2 is still more effective [148, 149] . E2 also attenuates voltage-dependent Ca 2+ current in A7r5 VSM cell line [150] .
If estrogen has protective vascular effects, one would predict that its inhibitory effects on the mechanisms of VSM contraction would be enhanced in CVD such as HTN. We have examined the sex differences in VSM contraction and [Ca 2+ ] i in aortic VSM cells isolated from male and female WKY and SHR [151] . In VSM cells of intact male WKY Phe (10 −5 M) causes an initial peak followed by maintained increase in [Ca 2+ ] i . The maintained Phe-induced [Ca 2+ ] i is reduced in intact female compared to male WKY and SHR. Also, the reduction in female compared to male SHR (~38%) is greater than that in female compared to male WKY (~25%). Similarly, the reduction in high KCl-induced [Ca 2+ ] i in female compared to male SHR (~31%) is greater than that observed in female compared to male WKY (~20%). These sex differences appear to be related to endogenous estrogen because they are eliminated in OVX female rats, and restored in E2-replaced OVX females. E2 also caused greater reduction of Phe-and high KCl-induced [Ca 2+ ] i in VSM cells of OVX female SHR compared to WKY, suggesting enhanced vascular protective effects of E2 in animal models of genetic HTN [151] .
Estrogen and PKC-PKC is a ubiquitous enzyme and comprises a family of Ca 2+ -dependent and Ca 2+ -independent isoforms, expressed in different proportions in VSM of various vascular beds. During cell activation, PKC translocation to the cell surface may trigger a cascade of protein kinases that ultimately interact with the contractile myofilaments and cause VSM contraction [146] . The gender-related decrease in VSM contraction in female WKY rats compared with males is associated with reduction in the expression/activity of vascular α-, δ-, and ζ-PKC isoforms. Treatment of OVX females with E2 subcutaneous implants causes reduction in Phe and phorbol 12,13-dibutyrate induced contraction and PKC activity that is greater in SHR than WKY. These data suggest sex differences in VSM contraction and PKC activity that are possibly mediated by estrogen and are enhanced in the SHR model of genetic HTN [152] .
Estrogen and Rho-Kinase-Rho-kinase is known to inhibit MLC phosphatase and to enhance the VSM myofilament sensitivity to [Ca 2+ ] i . Rho-kinase is upregulated in CVD and may play a role in the pathogenesis of coronary arteriosclerosis and vasospasm [153] . Estrogen may inhibit Rho-Kinase expression and activity. For instance, the expression of Rho-kinase may involve a PKC/NF-κB pathway that is inhibited by estrogen [154] . Also, the vasodilator response to the Rho-kinase inhibitor Y-27632 is similar in OVX female and male rats, and E2 treatment of OVX rats normalizes the vasodilator effects of Y-27632 to those observed in intact females [155] . In vivo studies have shown that long-term inhibition of Rho-kinase causes regression of coronary arteriosclerosis, and in cultured human coronary VSM cells, treatment with E2 causes a decrease in Rho-kinase mRNA expression [153] .
Estrogen and Extracellular Matrix (ECM)-
The actin cytoskeleton forms the backbone of the cell, and its spatial organization is crucial for cell migration. Modification of the form and positioning of actin fibers in relation to membrane anchoring integrins and focal adhesion complexes allow cell movement in the extracellular environment. ERα interacts with Gα13 to induce activation of the RhoA/Rho-kinase pathway and phosphorylation of the actin-regulatory protein moesin, leading to remodeling of the actin cytoskeleton and EC migration [156] .
Vascular remodeling occurs during all stages of atherosclerotic progression, and MMPs, a family of zinc-binding proteolytic enzymes, are involved in these processes [157] . Increased MMP activity occurs in cancer, arthritis and CVD. Also, MMP-induced ECM degradation within the atherosclerotic plaque may be involved in plaque instability and cardiovascular events. Studies suggest that changes in the levels of MMP-2, -9 and -10 in women receiving MHT may contribute to the potential risk of cardiovascular events and cancer [158] .
Aging and the Vascular Architecture
The reduced vascular effects of estrogen after menopause could also be due to age-related structural changes in the blood vessel architecture. Vascular aging involves changes in the mechanical and structural properties of the vascular wall. Arterial compliance is defined as the change in area, diameter, or volume of an artery for a given change in pressure [159] . Elastin fibers play an important role in determining the mechanical strength of the vessels at lower pressures and collagen fibers bear most of the strength at higher pressures [160] . Aging has a major effect on arterial stiffness, and thereby compliance. During vascular aging, there is a progressive arterial stiffening and arteriosclerosis, due to quantitatively less elastin and more collagen, qualitative changes in the content of the vessel wall, and impaired endothelialmediated vasodilation [161] . In larger elastic arteries, aging is associated with an increase in collagen content, covalent cross-linking of collagen, elastin fracture, reduction in the elastin content, and calcification. There are also changes in wall thickness, media to lumen ratio and EC function. With age, NO production decreases and ET-1 production increases. This favors a procoagulant state and promotes VSM growth. Also, atherosclerosis, an inflammatory process involving EC dysfunction and excess deposition of oxidized lipids, progresses through lifetime and is enhanced by smoking, dyslipidemia, diabetes, and HTN. Atherosclerosis leads to thick stiff arterial wall, calcification and plaque formation, which changes the mechanical properties of the arteries and increase the risk of cardiovascular events [160] . Arteries of Post-MW have some degree of atherosclerosis that could mechanically impede the vasodilator effects of estrogen on vasculature.
The Sex Hormone Environment
Other sex hormones may modify the vascular actions of estrogen, and could also have direct effects on the vasculature. Studies have suggested that the relationship between circulating levels of free E2, free testosterone, and SHBG may be more predictive of changes in carotid intimal thickening than the levels of any of these hormones alone [162] . Also, conversion of testosterone to E2 may contribute to the regulation of the peripheral circulation in men, and administration of an aromatase inhibitor to young men results in a decrease in endothelial vasodilator function [163] . Additionally, the circulating levels of estrogen and androgens may not reflect those at the tissue level, as both aromatase and 5-α-reductase are found in a number of tissues including blood vessels [164] . In addition, the gonadal steroid hormone metabolism is so complex and allows extensive inter-conversion of sex hormones precursors and metabolites (Fig. 2) . Furthermore, with the growing therapeutic use of steroid metabolism inhibitors, including aromatase inhibitors and 5-α-reductase inhibitors, particularly in women with a history of breast cancer, cardiovascular side effects are predicted [165] .
Role of Progesterone-Progesterone is a steroid hormone produced by the adrenal cortex and gonads, and by the placenta during pregnancy. Progesterone receptors have been identified in ECs and VSM in human, mice, rat, rabbit and primates [166] . Similar to E2, progesterone is anti-atherosclerotic, decreases LDL, and increases HDL. Progesterone causes pulmonary vasodilation by activating both endothelium-dependant and -independent pathways. It stimulates eNOS expression, NO production and NO-mediated relaxation in rat aorta and ovine uterine artery. It also causes direct non-genomic COX activation and increases vascular PGI 2 production. It inhibits VSM proliferation/migration and facilitates the inhibitory effects of estrogen. It may also alter the vascular effects of estrogen in MHT, and modify the effects of E2 on vascular contraction. Progesterone also causes rapid relaxation of agonist-or KClinduced contraction in endothelium-denuded porcine coronary artery [148] .
However, the combined endothelium-dependent and -independent vasorelaxation effects of progesterone are less than those of estrogen, and some studies have shown antagonistic effects of progesterone. For example, progesterone counteracts the stimulatory effects of estrogen on NO production and vascular relaxation in canine coronary artery. In porcine coronary artery rings, estrogen blocks progesterone-induced EC dysfunction and reduction in NO production [167] . Also, progesterone antagonizes the antioxidant effect of estrogen, and enhances NADPH oxidase activity and the production of reactive oxygen species in OVX mice [168] . Progesterone also promotes vasoconstriction by upregulating vascular AT 1 R mRNA and protein [169, 170] . Progestins may also diminish estrogen-mediated the anti-inflammatory effects and attenuation of ischemic brain injury [171] . Also, treatment of surgically postmenopausal OVX female monkeys with CEE alone, but not in combination with MPA, inhibits aortic connective tissue remodeling after plasma lipid lowering [172] . Furthermore, MPA antagonizes the inhibitory effects of CEE on coronary artery atherosclerosis [173] . These complex interactions of estrogen and progesterone on the vasculature highlight the need to determine the benefits vs. risk of combined estrogen/progestins in postmenpausal CVD.
Androgens and CVD-Androgens are sex steroids that control the development and maintenance of masculine secondary sexual characteristics, and are produced in the testis, adrenal glands, and ovaries. In women, androgens are important for maintaining bone mass, secondary sex characteristics and libido. The adrenal steroid dehydroepiandrosterone (DHEA) and its sulfate ester (DHEAS) are the most abundant steroids in the human circulation [174] . DHEA and androstenedione do not have significant biological activity, but they are converted to testosterone which binds to and activates the androgen receptor. Testosterone is converted to dihydrotestosterone (DHT), which has 5 times higher binding affinity to the androgen receptor. Testosterone is also aromatized peripherally, mainly in the adipose tissue, to E2.
Because men have higher BP than women throughout most of their lives, and CVD develops at an earlier age in men than in women, it has been suggested that androgens may promote CVD in men [175] . However, serum testosterone levels are lower in men with chronic CVD such as HTN than in healthy age-matched men [175, 176] , suggesting that androgens may not be responsible for mediating CVD. However, downregulation of androgen synthesis may be a protective compensatory mechanism that occurs once the CVD is initiated [175] .
Experimental studies suggest that androgens may mediate CVD in males. Adult male SHR have higher BP than females, and castration of male rats is associated with reduction in BP to the levels found in females. Also, testosterone treatment of OVX female rats increases their BP in a dose-dependent manner [177] . Sex differences in BP have also been found in Dahl salt-sensitive (DS) rats on a high-salt diet and DOCA-salt treated rats [175, 178] .
While it is classically thought that testosterone may exert unfavorable cardiovascular effects, some clinical and epidemiological studies suggest beneficial effects. For example, low circulating testosterone levels in men are positively correlated with numerous risk factors for CAD [179] . Also, testosterone may have beneficial effects on the blood lipid profile and against atheroma formation [180] . Furthermore, acute intra-coronary or intravenous infusion of testosterone in men rapidly improves myocardial ischemia [181, 182] .
Androgens may play a role in determining the cardiovascular risk in Post-MW. Serum testosterone levels are markedly lower in women than in men, but whether serum testosterone levels decrease after menopause is not clear [175, 177] . The conventional wisdom is that androgen levels, like estrogen, do decrease with age. However, serial measurements of sex hormones in Post-MW for 10 years after cessation of cycling showed increases in serum testosterone and androstenedione and decreases in serum E2 and dihydrotestosterone with age [183] . In cross-sectional studies of women in the Rancho Bernardo cohort, serum testosterone decreased immediately following menopause, but thereafter increased with age, reaching Pre-MW levels at 70-79 years of age. Also, in women who had undergone surgical menopause serum testosterone levels did not increase with age, but were 40-50% lower than in women with natural menopause [184] . These data support the contention that the natural postmenopausal period is a relatively hyperandrogenic state [175, 177, 185] .
Disease Models with Disturbed Sex Steroids Environment-Conditions with excess or deficient estrogen levels such as PCOS, Turner syndrome and obesity may serve as models to identify potential mechanisms of aberrant estrogen-ER interactions. PCOS is a heterogeneous disorder characterized by obesity, menstrual abnormalities, hirsutism, anovulatory infertility, elevated androgens and estrogens, insulin resistance, and lipid abnormalities. In PCOS, both insulin and leutinizing hormone stimulate androgen production from ovarian theca cell, leading to elevated levels of testosterone and androstenedione [186] . In turn, elevated androgen levels contribute to increased E1 levels through peripheral aromatization. E2 levels also increase in PCOS due to increased production of E2 from E1 in peripheral tissues, increased biologically available circulating E2 because of decreased SHBG, and local conversion of E1 to E2 at target tissues. Most women with PCOS are severely overweight or obese, which generally aggravates the endocrine disturbances [187] . In both normoandrogenic Pre-MW and Post-MW without PCOS, excess weight and chronic hyperinsulinemia are associated with changes in total and bioavailable plasma sex steroid levels. Overweight results in increased estrogen concentrations from peripheral conversion of androgens to E1 in adipose tissue by aromatase enzyme [187] . Since Post-MW and women with PCOS have similar sex hormone profiles, namely the lack of progesterone, and E1 being the major estrogen, investigating ERs in vasculature of women with PCOS may give an insight into ER regulation and evolution. Further, the excess stimulation by androgens may give an insight into the role of other sex hormones in affecting the actions of estrogen on ERs.
Estrogen is known to regulate fat mass, adipose deposition and differentiation, and adipocyte metabolism [187] . Estrogen deficiency results in increases in adipose tissue and visceral fat, and ss the epidemic of obesity increases, Post-MW are especially at higher risk [188] . Adipose tissue has P450 aromatase activity, which converts androstenedione into E1, the main estrogen in Post-MW. The conversion rate of androstenedione into E1 increases with age and obesity [189] . Also, adipose tissue secretes inflammatory substances such as the cytokines interleukin-6 (IL-6) and tumor necrosis factor-α (TNFα), complement factors C3, factor B, and Adipsin [190] . Since obesity is prevalent in Post-MW, the increased inflammatory factors from excess adipose tissue could affect vascular ER or their responses in vasculature.
Turner syndrome is characterized by the absence of a part of or the entire X chromosome, with the typical karyotype 45,X; although most women have several different variants. Turner syndrome is characterized by short stature, estrogen deficiency due to ovarian dysgenesis, primary amenorrhoea, and cardiovascular malformations, and is often complicated by HTN, ischemic heart disease, and aortic dilation with or without aortic aneurysm [191] . Assuming potential vascular benefits of estrogen, the increased cardiovascular morbidity in Turner syndrome could be partly explained by lack of estrogens. Estrogen supplementation would likely have positive effects on aortic 'stiffness' in the long term [192] . Investigating the longterm effects of estrogen supplementation on cardiovascular morbidity in Turner syndrome may give better insight into the regulation of ERs, when the levels of estrogen are low.
MHT RCTs: Lessons Learned and Future Directions
The results of HERS and WHI RCTs challenged the concept that MHT protects the cardiovascular system and suggested that such therapy may actually increase the risk of CVD. Many factors in the design of RCTs may have led to the unexpected results including the participants' age and timing of MHT, preexisting CVD, type of estrogen used, the combination of progestins in MHT, and socioeconomic status. In the NHS, which showed protective effects of MHT, ~80% of women initiated MHT within 2 years of menopause [193] . In contrast, the women in WHI and HERS were on average 63 and 67 years of age, and had been postmenopausal for ~10 years at the time of enrollment. Even younger healthy participants (aged 50 to 59) in the WHI study probably had been menopausal ~6 years before MHT. Also, there was no information on the subjects' age at menopause, which may be important in defining the cardiovascular status as it changes with age and more rapidly after menopause [3] .
One criticism of HERS was that the participants had CVD at baseline. Also, while WHI was designed as a primary prevention RCT in "healthy" women, of the women assigned MHT 36% had HTN, 49% were current or past smokers, and 34% were obese, suggesting an active atherosclerosis process in the participants. Because atherosclerosis and vascular remodeling are age-dependent processes, a delay in MHT by even a few years may influence outcome [3] . Studies conducted in nonhuman primates demonstrated that the vascular protective effects of MHT were greater if MHT was started before the onset of atherosclerosis, suggesting that MHT may only afford primary prevention. Early MHT administration caused a 70% protection in OVX primates on an atherosclerotic diet, whereas delay in therapy until after development of moderate atherosclerosis resulted in only 50% protection. In primates that had received an atherosclerotic diet for 2 years before initiating MHT, MHT did not protect against atherosclerosis [194] . Administration of E2 before and during, but not 7 days after, balloon injury resulted in inhibition of neointima formation in rats [195] . Furthermore, delayed administration of E2 failed to prevent neointima formation in rabbits [196] . Thus, a 6-year delay in MHT may be sufficient to reduce their protective actions [3] .
Another factor that may have affected the RCTs' outcome is socioeconomic status. In general, women who take MHT are more educated, wealthier, have healthier lifestyle, and fewer cardiovascular risk factors. A meta-analysis showed that the previously observed reduced risk for CAD among MHT users was lost when the statistical analysis included socioeconomic status [3] .
The type of estrogen used in RCTs has also been debated. HERS and WHI used CEE, a mixture extracted from pregnant equine urine, and its active ingredients include sodium estrone sulfate, sodium equilin sulfate, and sodium 17α-dihydroequilinenin. After menopause, women lose E2, whereas the levels of E1 remain unchanged. The nomenclature seems to obscure the important distinction that CEE does not contain E2. Chemically, CEE and E2 are different molecular entities, and therefore their pharmacological properties vary considerably and may influence the outcome of RCTs [3] . Compared to E2, estrogens in CEE have different metabolic products and distinct binding affinity, selectivity, and agonistic properties to ER subtypes [143] . Because both ER-dependent and ER-independent mechanisms play a role in mediating the cardiovascular actions of E2, CEE may not mimic the cardiovascular protective effects of E2. Thus non-E2 estrogens may be less effective in counteracting CVD and may even induce deleterious effects. For example, a Swedish study found a reduced risk of myocardial infarction for E2 compared with oral E3 or vaginal estriol/dienestrol [193] .
Studies on human aortic VSMs demonstrated that estrogens present in CEE were less potent than E2 in inhibiting mitogen-induced VSM growth and MAPK activity [197] , which may the negative outcomes of HERS and WHI. In a primate model, administration of CEE had no effect on intimal hyperplasia after balloon injury [198] . Importantly, in the Estrogen in the Prevention of Atherosclerosis Trial (EPAT), administration of E2 to Post-MW without CVD reduced the progression of intimal thickening [199] . These findings provide evidence that use of estrogens other than E2 may contribute to the lack of protective actions of MHT.
In women with intact uterus, estrogens are given in combination with a progestin in order to reduce the risk of endometrial cancer. The negative findings of HERS and one arm of WHI may have been caused by concomitant use of MPA. For instance, there was an increase in stroke risk in women taking CEE plus MPA versus women never using MHT [200] . Also, in Postmenopausal Estrogen/Progestin Interventions (PEPI) trial, CEE caused beneficial effects on LDL and HDL levels that were attenuated by MPA [3] . However, other studies did not find any attenuation of CEE-induced dilatation by MPA or micronized progesterone [201, 202] . Also, in one arm of WHI in women taking estrogen alone, no protective effects were observed even though lipids were favorably changed. Moreover, the NHS demonstrated a similar risk reduction for CHD among women taking CEE alone and those taking CEE plus MPA.
In cynomolgus monkeys, chronic E2 or E2+progesterone had similar anti-atherosclerotic effects [3] . In contrast, loss of protective effects were observed in monkeys administered CEE +MPA as compared to CEE alone (72% reduction in coronary artery atherosclerosis) [203] . Also, studies on postmenopausal cynomolgus monkeys suggested that MPA abrogates the vascular benefits of estrogen [204] . In these studies Ach caused vasoconstrictor responses in estrogen-deprived monkeys not receiving MHT; however, a vasodilatory response was observed in monkeys treated with estrogen alone, and the beneficial effect of estrogen was reduced by 50% by co-administration of MPA [204] . In a rat model, MPA abrogated the ability of E2 to attenuate balloon injury-induced intimal thickening, a process independent of lipids [205] . On the other hand, studies in rabbits indicated that the protective actions of CEE or E2 on atherosclerosis were not prevented by MPA, or other progestins [3] . This suggests that MPA may block the protective actions of E2 that are mediated via its direct interaction with vascular cells. Whether progestins attenuate the anti-atherosclerotic effects of estrogen is still unclear. Also, progesterone and MPA inhibit mitogen-induced proliferation of VSM cells in culture. Thus, whether MPA is responsible for the lack of vascular protective actions of MHT in RCTs needs to be further examined. The termination of the estrogen alone arm of the WHI study suggest that factors other than MPA may be involved [3] .
Another important distinction between E2 and CEE is the route of administration. Oral, but not transdermal estrogen increases C-reactive protein and IL-6 levels [206, 207] . Because CEE is given orally, whereas E2 is often administered transdermaly to humans and subcutaneously to animals, it is possible that the differences in outcome between CEE and E2 are caused in part by the route of administration.
New clinical trial data and re-analyses of the WHI data suggest that MHT started within a few years of menopause reduces atherosclerosis progression, clinical CHD events and total mortality. Also, basic science studies indicate that estrogen could reduce early atherogenesis but augment its later stages [208] . These observations have prompted two new RCTs: The Kronos Early Estrogen Prevention Study (KEEPS) and Early Versus Late Intervention Trial With Estradiol (ELITE). KEEPS investigates the effects of MHT on carotid intima-media thickness (CIMT, a measure of atherosclerosis) and the accrual of coronary calcium in 720 early menopausal women (aged 42-58 years) women randomized at 6 to 36 months postmenopause, with women post-hysterectomy excluded. Participants are given low dose oral CEE and weekly transdermal E2 (both in combination with cyclic oral, micronized progesterone) or placebo 12 days per month [209] . On the other hand, ELITE will randomize 504 women, either < 6 years or > 10 years postmenopausal, to receive oral E2 for 2-5 years, and as in KEEPS, the primary endpoint is change in CIMT. ELITE will test for differences between early and late initiation of MHT, whereas KEEPS will examine differences between low-dose oral CEE and low-dose transdermal E2. The results of these two studies might help clarify the benefits of MHT timing, and the possible differences in atherosclerosis effects between oral E2 and oral CEE, and between oral and transdermal E2 [58, 208] .
Perspective-While MHT may still be useful to treat vasomotor menopausal symptoms such as hot flashes and night sweats, its use to prevent CVD remains to be elucidated. Although RCTs have documented increased rates of myocardial infarction and stroke in women receiving MHT, the final chapter on estrogen therapy may have not yet been written. Understanding the structural basis and molecular mechanisms by which ER transduce E2 signals in target cells will help develop new therapies for CVD. Vascular ERα, ERβ, and GPR30 mediate estrogeninduced genomic or non-genomic effects. Also, estrogen promotes endothelium-dependent vascular relaxation, inhibits VSM contraction, modulates the cytoskeleton, and the vascular inflammatory response. The failure of the beneficial effects of estrogen on vasculature to materialize into RCTs is likely related to age-related changes in ER amount, distribution, integrity, and downstream signaling mechanisms as well as structural changes in the vasculature. These changes may be attributed to age-related gene mutations or ER gene methylation. Investigation of the SARs of estrogenic compounds would enhance our understanding of the molecular interaction of estrogen and ER. Further characterization of currently available estrogens and the exploration of novel estrogenic compounds would provide more efficient and specific ER modulators. Study of diseases associated with abnormal estrogen production or metabolism such as PCOS and Turner syndrome may provide further insights into ER regulation and evolution in Post-MW. Also, the potential benefits/risks of combined therapy of multiple sex hormones and modulators of progesterone and androgen receptors should be examined. As newer forms of MHT become available, and if used at the right dose, route of administration and timing depending on the subjects' age and preexisting cardiovascular condition, the beneficial vascular effects of estrogen could be translated into the outcome of MHT in post-menopausal CVD.
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List of Abbreviations

Schematic 3D structure of ERα and ERβ ligand binding domain (LBD)
. The LBD has twelve helices (H1-H12), folded into a three-layered anti-parallel α-helical sandwich comprising a central core (H5-6, H9, and H10) sandwiched between two additional layers of α-helices (H1-4) and (H7, H8, H11). This helical arrangement creates a 'wedge-shaped' molecular scaffold that maintains a sizeable ligand-binding cavity at the narrower end of the domain, into which the hormone binds. Amino acid residues that interact with E2 are shown in their approximate positions. The molecules that contribute to direct hydrogen bonds are water and the imidazole group of His524 on H11, the guanidium group of Arg394 on H6, and the carboxylate group of Glu353 on H3. H12 sits snugly over the ligand binding cavity packed against H3, H5-6, and H11. Although, H12 makes no direct contact with E2, it forms the lid of the binding cavity and projects its inner hydrophobic surface towards the bound hormone. Non-genomic estrogen mediated endothelial pathways of vascular relaxation. Estrogen binds to endothelial surface membrane ER and activates phospholipase C (PLC), leading to the generation of inositol 1,4,5-triphosphate (IP 3 ) and DAG. IP 3 causes the release of stored Ca 2+ from the endoplasmic reticulum, and influx of extracellular Ca 2+ . Ca 2+ forms a complex with calmodulin (CAM), which causes initial activation of eNOS, its dissociation from caveolin-1, and its translocation to intracellular sites. Estrogen also activates phosphatidylinositol 3-kinase (PI 3 K), which transforms phosphatidylinositol-4,5-bisphosphate (PIP 2 ) into phosphatidylinositol 3,4,5-trisphosphate (PIP3), which activates Akt. ER-mediated activation of Akt or MAPK pathway causes phosphorylation of cytosolic eNOS and its second translocation back to the cell membrane where it undergoes myristoylation and palmitoylation to become fully activated. Fully activated eNOS promotes the transformation of L-arginine to L-citrulline and the production of NO, which diffuses through the endothelial cell and causes VSM relaxation. Estrogen also activates COX to produce prostacyclin (PGI 2 ), and induces the release of EDHF. Non-genomic estrogen mediated mechanisms of VSM contraction. Agonists activate specific VSM receptors and stimulates PLC, and increases the production of IP3 and diacylglycerol (DAG 
